INTRODUCTION
============

Alzheimer's disease (AD) is a multifactorial neurodegenerative disease, and its hallmark symptom is memory impairment. AD is characterized by co-existence of neuritic plaques and neurofibrillary tangles, and mostly constituted by hyperphosphorylated tau protein in the brain ([@b5-jer-11-2-87]). Diabetes mellitus is a major risk factor for AD. Epidemiological studies have shown that diabetic patients have a higher risk to be developed AD, which is independent of the risk for vascular dementia ([@b24-jer-11-2-87]). Cognitive impairment, the main characteristic of AD, is more common in diabetic patients than in nondiabetic subjects ([@b30-jer-11-2-87]). Effective treatment for the diabetes may have effectiveness on the prevention and reduction of AD ([@b15-jer-11-2-87]).

Under the normal conditions, tau protein is implicated in the stabilization of axonal microtubules to maintain cellular morphology and axonal transport ([@b29-jer-11-2-87]). However, hyperphosphorylated tau reduces ability stabilizing microtubules and induces self-aggregation into the infraneuronal neurofibrillary tangles. Presence of neurofibrillary tangles, composed of aggregated and hyperphosphorylated forms of tau protein, is one of the pathological hallmarks of AD ([@b10-jer-11-2-87]).

The molecular mechanisms causing abnormal hyperphosphorylation of tau protein in AD are not fully understood. Glycogen synthase kinase-3β (GSK-3β) phosphorylates tau protein ([@b23-jer-11-2-87]), and hyperactivation of GSK-3β induces abnormal tau phosphorylation and aggregation in AD ([@b25-jer-11-2-87]). Phosphoinositide 3 kinase/Akt (PI3K/Akt) pathway inhibits GSK-3β, thereby promotes cell survival ([@b11-jer-11-2-87]). Suppression on PI3K/Akt pathway activates GSK-3β activity, and then facilitates cell death. In the early-onset familial AD, PI3K activity was suppressed ([@b33-jer-11-2-87]). Suppressed PI3K activity increased GSK-3β expression, over-expression of GSK-3β may lead to hyperphosphorylated tau protein and to memory impairment ([@b15-jer-11-2-87]).

Memory enhancing effect of exercise has been reported ([@b13-jer-11-2-87]; [@b19-jer-11-2-87]; [@b26-jer-11-2-87]) Physical activity prevented cognitive decline in the elderly and inhibited the occurrence of dementia in AD patients ([@b32-jer-11-2-87]). Individuals who had physically activity accrued inhibited benefit on dementia in AD ([@b28-jer-11-2-87]). Treadmill exercise improved memory function and motor symptoms in AD rats ([@b17-jer-11-2-87]; [@b22-jer-11-2-87]).

The effects of physical exercise are closely associated with PI3K/Akt pathway ([@b3-jer-11-2-87]), and exercise enhances PI3K/Akt expression (Jung et al., 2013). Akt is a major upstream modulator of GSK-3β and directly inhibits GSK-3β by phosphorylation of GSK-3β, thereby inactivates its kinase activity. Devising strategies interfering with the abnormal activation of GSK-3β might be new therapeutic methods to inhibit AD occurrence. In the present study, we evaluated whether treadmill exercise ameliorates progression of AD in relation with GSK-3β activity using streptozotocin (STZ)-induced diabetic rats.

MATERIALS AND METHODS
=====================

Animals and treatment
---------------------

The experimental procedures were performed in accordance with the animal care guidelines of the National Institute of Health (NIH) and the Korean Academy of Medical Sciences. Thirty-six male Sprague-Dawley rats weighing 200±10 g (7 weeks in age) were used in this experiment. Rats were housed under controlled temperature (20±2°C) and lighting conditions (07:00 to 19:00), with food and water made available ad libitum. Animals were randomly divided into four groups (n=9 in each group): control group, exercise group, diabetes-induction group, and diabetes-induction and exercise group.

Induction of diabetes
---------------------

To induce diabetes in the experimental animals, a single intraperitioneal injection of STZ (50 mg/kg, dissolved in 0.01 M citrate buffer at pH 4.5; Sigma Chemical Co., St. Louis, MO, USA) was given to each animal, as the previously described method ([@b21-jer-11-2-87]). Blood glucose levels were determined 2 days after STZ injection using a blood glucose tester (Arkray, Kyoto, Japan). Only the animals with blood glucose levels of 300 mg/dL or higher were used in the diabetes groups.

Exercise protocol
-----------------

The rats in the exercise groups were made to run on the treadmill for 30 min per one day, five times a week, during 12 weeks. The workload of the exercise consisted of running at a speed of 3 meters/min for the first 5 min, 5 meters/min for the next 5 min, and then 8 meters/min for the last 20 min, with 0% grade of inclination.

Step-down avoidance task
------------------------

In order to evaluate the memory function of the rats, the latency of the step-down avoidance task was conducted, as the previously described method ([@b17-jer-11-2-87]). The rats were trained in a step-down avoidance task in which they were positioned on a 7×25 cm platform with a height of 2.5 cm, and then allowed to rest on the platform for 1 min. The platform faced a 42×25 cm grid of parallel 0.1 cm-caliber stainless steel bars, which were spaced 1 cm apart. In the training session, the animals received a 0.5 mA scramble foot shock for 2 sec immediately upon stepping of off the platform. Latency was assessed at 2 h and 48 h after training session. The interval of rats stepping down and placing all 4 paws on the grid was defined as the latency in the step-down avoidance task. Any latency over 300 sec was counted as 300 sec.

Tissue preparation
------------------

The animals were anesthetized using Zoletil 50^®^ (10 mg/kg, i.p.; Vibac Laboratories, Carros, France), transcardially perfused with 50 mM phosphate-buffered saline (PBS), and fixed with a freshly prepared solution consisting of 4% paraformaldehyde in 100 mM phosphate buffer (PB, pH 7.4). The brains were removed and postfixed in the same fixative overnight and then transferred into a 30% sucrose solution for cryoprotection. Serial coronal sections of 40 μm thickness were obtained using a freezing microtome (Leica, Nussloch, Germany).

Immunohistochemistry for GSK-3β and Tau
---------------------------------------

Immunohistochemistry was conducted todetermine the GSK-3β-positive and the tau-positive cells in the hippocampus, as the previously described method ([@b16-jer-11-2-87]; [@b31-jer-11-2-87]). To begin the procedure, the sections were incubated in PBS for 10 min and then washed 3 times in the same buffer. Free-floating sections were then incubated in 3% H~2~O~2~ for 30 min. Next, the sections were incubated in blocking solution (1% BSA and 10% goat serum for GSK-3β and tau in 0.05 M PBS) for 90 min at room temperature. The sections were then incubated overnight with rabbit polyclonal anti-GSK-3β antibody (1:200; Cell Signaling Technology Inc., Beverly, MS, USA) and anti-tau antibody (1:100; Santa Cruz Biotechnology, Santa Cruz, CA, USA). The sections were next incubated for 90 min with biotinylated rabbit secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA). Bound secondary antibody was then amplified with Vector Elite ABC kit^®^ (1:100; Vector Laboratories). The antibody-biotin-avidin-peroxidase complexes were visualized using 0.03%-diaminobenzidine (DAB) and the sections were finally mounted onto gelatin-coated slides. The slides were air dried overnight at room temperature, and coverslips were mounted using Permount^®^ (Fisher Scientific, Fairlawn, NJ, USA).

Western blot analysis
---------------------

Western blot was conducted according to the previous method ([@b19-jer-11-2-87]). Protein extracts from brain tissue were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Protein separation was performed using 10% polyacrylamide with 0.05% bis-acrylamide. Proteins were then transferred to nitrocellulose and the blots were probed with anti-PI3K mouse monoclonal antibody (1:1,000, Santa Cruz Biotechnology), anti-p-PI3K rabbit polyclonal antibody (1:1,000, Santa Cruz Biotechnology), anti-Akt rabbit polyclonal antibody (1:1,000, Cell Signaling Technology), and anti-p-Akt rabbit polyclonal antibody (1:1,000, Cell Signaling Technology). Peroxidase anti-rabbit IgG (1:5,000, Vector Laboratories), and peroxidase anti-mouse IgG (1:1,000, Vector Laboratories) were used as the secondary antibodies. Immunoreactivity was detected by enhanced chemiluminescence (ECL) detection kit (Santa Cruz Biotechnology). Film auto-radiograms were exposed from 5 to 15 min.

Data analysis
-------------

Differences among the groups were evaluated using SPSS 21.0 statistical software (SPSS Inc., Chicago, IL, USA). For the comparison among the groups, one-way analysis of variance (ANOVA) was performed followed by Duncan's post-hoc test. All values are expressed as the mean±standard error of the mean (SEM). Statistically significant differences were established at *P*\<0.05.

RESULTS
=======

Effect of treadmill exercise on the latency in the step-down avoidance task
---------------------------------------------------------------------------

The latency in the step-down avoidance task is presented in [Fig. 1](#f1-jer-11-2-87){ref-type="fig"}. On the 2 h after training, the latency (short-term latency) was 300.00±0.00 sec in the control group, 280.00±20.00 sec in the exercise group, 169.00±18.42 sec in the diabetes-induction group, and 270.00±30.00 sec in the diabetes-induction and exercise group ([Fig 1](#f1-jer-11-2-87){ref-type="fig"}, left). On the 48 h after training, the latency (long-term latency) was 226.83±33.38 sec in the control group, 268.83±31.16 sec in the exercise group, 93.60±17.06 sec in the diabetes-induction group, and 282.60±17.40 sec in the diabetes-induction and exercise group ([Fig 1](#f1-jer-11-2-87){ref-type="fig"}, right). The present results showed that short-term and long-term latencies in the step-down avoidance task were decreased by induction of diabetes (*P*\<0.05), and treadmill exercise inhibited short-term and long-term latencies in the diabetic rats (*P*\<0.05). Treadmill exercise exerted no significant effect on the short-term and long-term latencies in the normal rats.

Effect of exercise on phospho-PI3K (p-PI3K) and PI3K expressions in the hippocampus
-----------------------------------------------------------------------------------

Expressions of p-PI3K and PI3K in the hippocampus are presented in [Fig. 2](#f2-jer-11-2-87){ref-type="fig"}. In the present study, the expression of PI3K (85 kDa) in the control group was set at 1.00. The expression of PI3K was 1.20±0.04 in the exercise group, 1.12±0.02 in the diabetes-induction group, and 1.53±0.11 in the diabetes-induction and exercise group ([Fig. 2, left](#f2-jer-11-2-87){ref-type="fig"}). These results showed that induction of diabetes exerted no significant effect on the PI3K expression in the hippocampus, and treadmill exercise enhanced PI3K expression in the diabetic and normal rats (*P*\<0.05).

The expression of p-PI3K (84 kDa) protein was in the control group set at 1.00. The expression of p-PI3K was 0.76±0.02 in the exercise group, 0.30±0.01 in the diabetes-induction group, and 0.70±0.02 in the diabetes-induction and exercise group ([Fig. 2, middle](#f2-jer-11-2-87){ref-type="fig"}). These results showed that induction of diabetes suppressed p-PI3K expression in the hippocampus (*P*\<0.05), and treadmill exercise enhanced p-PI3K expression in the diabetic rats. Treadmill exercise suppressed p-PI3K expression in the normal rats (*P*\<0.05).

The ratio of p-PI3K to PI3K was calculated. The ratio of p-PI3K/PI3K in the control group was set at 1.00. The ratio of p-PI3K/PI3K was 1.10±0.06 in the exercise group, 0.23±0.01 in the diabetes-induction group, and 0.60±0.03 in the diabetes-induction and exercise group ([Fig. 2, right](#f2-jer-11-2-87){ref-type="fig"}). These results showed that induction of diabetes suppressed the ratio of p-PI3K to PI3K (*P*\<0.05), and treadmill exercise increased the ratio of p-PI3K to PI3K in the diabetic and normal rats (*P*\<0.05).

Effect of exercise on phospho-Akt (p-Akt) and Akt expressions in the hippocampus
--------------------------------------------------------------------------------

Expressions of p-Akt and Akt in the hippocampus are presented in [Fig. 3](#f3-jer-11-2-87){ref-type="fig"}. In the present study, the expression of Akt (60 kDa) in the control group was set at 1.00. The expression of Akt was 0.79±0.01 in the exercise group, 0.80±0.01 in the diabetes-induction group, and 0.92±0.01 in the diabetes-induction and exercise group ([Fig. 3, left](#f3-jer-11-2-87){ref-type="fig"}). These results showed that induction of diabetes suppressed Akt expression in the hippocampus (*P*\<0.05), and treadmill exercise enhanced Akt expression in the diabetic rats (*P*\<0.05). Treadmill exercise suppressed Akt expression in the normal rats (*P*\<0.05).

The expression of p-Akt (60 kDa) in the control group was set at 1.00. The expression of p-Akt was 1.34±0.11 in the exercise group, 1.01±0.06 in the diabetes-induction group, and 1.21 ±0.10 in the diabetes-induction and exercise group ([Fig. 3, middle](#f3-jer-11-2-87){ref-type="fig"}). These results showed that induction of diabetes did not change p-Akt expression in the hippocampus, and treadmill exercise also did not exert any effects on the p-Akt expression in the diabetes rats. Treadmill exercise enhanced p-Akt expression in the normal rats (*P*\<0.05).

The ratio of p-Akt to Akt was calculated. The ratio of p-Akt/Akt in the control group was set at 1.00. The ratio of p-Akt/Akt was 1.39±0.16 in the exercise group, 0.70±0.02 in the diabetes-induction group, and 1.46±0.06 in the diabetes-induction and exercise group ([Fig. 3, right](#f3-jer-11-2-87){ref-type="fig"}). These results showed that induction of diabetes suppressed the ratio of p-Akt/Akt in the hippocampus (*P*\<0.05), and treadmill exercise enhanced the ratio of p-Akt to Akt in the diabetic and normal rats (*P*\<0.05).

Effect of exercise on the number of GSK-3β-positive cells in the hippocampal dentate gyrus
------------------------------------------------------------------------------------------

Photomicrographs of GSK-3β-positive cells in the hippocampal dentate gyrus are shown in [Fig. 4](#f4-jer-11-2-87){ref-type="fig"}. The number of GSK-3β-positive cells in the hippocampal dentate gyrus was 115.09±7.86/mm^2^ in the control group, 107.27±10.96/mm^2^ in the exercise group, 373.74±17.25/mm^2^ in the diabetes-induction group, and 245.81±14.48/mm^2^ in the diabetes-induction and exercise group. The present results showed that the number of GSK-3β-positive cells in the hippocampal dentate gyrus was higher in the diabetes-induction group than that in the control group (*P*\<0.05), and treadmill exercise inhibited the number of GSK-3β-positive cells in the diabetic rats (*P*\<0.05). Treadmill exercise exerted no significant effect on the number of GSK-3β-positive cells in the normal rats.

Effect of exercise on the number of tau-positive cells in the hippocampal dentate gyrus
---------------------------------------------------------------------------------------

Photomicrographs of tau-positive cells in the hippocampal dentate gyrus are shown in [Fig. 5](#f5-jer-11-2-87){ref-type="fig"}. The number of tau-positive cells in the hippocampal dentate gyrus was 51.19±5.42/mm^2^ in the control group, 47.98±5.03/mm^2^ in the exercise group, 186.34±18.54/mm^2^ in the diabetes-induction group, and 147.29±11.32/mm^2^ in the diabetes-induction and exercise group.

The present results showed that the number of tau-positive cells in the hippocampal dentate gyrus was higher in the diabetes-induction group than that in the control group (*P*\<0.05), and tread-mill exercise inhibited the number of tau-positive cells in the diabetic rats (*P*\<0.05). Treadmill exercise exerted no significant effect on the number of tau-positive cells in the normal rats.

DISCUSSION
==========

Diabetes increases the risk to be developed to AD approximately two-fold ([@b2-jer-11-2-87]; [@b20-jer-11-2-87]). In the present study, we investigated the possibility that treadmill exercise might prevent developing into AD from diabetes, focusing on the GSK-3β and tau expressions in relation with PI3K/Akt signaling pathway using diabetic rats. Animal models of diabetes showed learning and memory deficits ([@b18-jer-11-2-87]; [@b27-jer-11-2-87]). Our results showed that short-term and long-term latencies were decreased in the diabetic rats. Treadmill exercise increased short-term and long-term latencies in the diabetic rats. Our study suggested that treadmill exercise might possess improving effect on AD-like memory impairment in diabetes.

PI3K/Akt signaling pathway is a classic anti-apoptotic pathway that regulates survival signal transduction. Activation of PI3K/Akt signaling pathway plays a protective role in many neuropathological condition ([@b6-jer-11-2-87]). Physical exercise has been reported to facilitate PI3K/Akt signaling pathway ([@b7-jer-11-2-87]; [@b16-jer-11-2-87]). Activity of PI3K/Akt pathway in the brain of diabetic rats was decreased and physical exercise facilitated levels of PI3K and Akt ([@b8-jer-11-2-87]). In present study, the ratio of p-PI3K/PI3K was decreased by induction of diabetes, but treadmill exercise enhanced the ratio of p-PI3K/PI3K by enhancing p-PI3K expression in the diabetic rats. The ratio of p-Akt/Akt was decreased by induction of diabetes, but treadmill exercise enhanced the ratio of p-Akt/Akt in the diabetic rats.

Upregulation of Akt pathway leads to the down-regulation of GSK-3β that plays a major role in learning and memory in the hippocampus ([@b14-jer-11-2-87]). GSK-3β is main kinase which phosphorylates tau, and GSK-3β activity contributes to amyloid-β production and induces amyloid-β-mediated neuronal death ([@b12-jer-11-2-87]). In the present study, GSK-3β expression in the hippocampus was increased by induction of diabetes, but treadmill exercise decreased GSK-3β expression in the diabetic rats. These results suggest that increased PI3K/Akt signaling pathway by treadmill exercise suppressed GSK-3β expression in the hippocampus of diabetic rats.

[@b1-jer-11-2-87] showed that physical exercise for 9 months accompanied by a decrement of hippocampal tau pathology, and exercise prevented memory alterations in transgenic model of Alzheimer's disease mice. In order to confirm whether diabetes increases tau phosphorylation, we measured tau expression in the hippocampus. In the present study, the number of tau-positive cells in the hippocampus was increased by induction of diabetes, but treadmill exercise suppressed the number of tau-positive cells in the diabetic rats.

Reduced insulin signaling was associated with a concomitant increase in tau phosphorylation and amyloid-β level. Treatment with insulin partially restored the phosphorylation of insulin receptor and of GSK3, partially reduced the level of phosphorylated tau in the brain, and partially improved learning ability in insulin-deficient diabetic mice ([@b15-jer-11-2-87]). Physical exercise reduced the risk for AD and age-related cognition decline ([@b4-jer-11-2-87]; [@b9-jer-11-2-87]).

In the present study, treadmill exercise suppressed hyperphosphorylation of tau in the hippocampus by decreased GSK-3β activity through PI3K/Akt pathway activation in the diabetic rats. Based on the present results, treadmill exercise may helpful to prevent diabetes-associated AD occurrence.
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![Effect of treadmill exercise on the latency in the step-down avoidance task. Left: Short-term latency. Right: Long-term latency. (A) Control group, (B) exercise group, (C) diabetes-induction group, and (D) diabetes-induction and exercise group. The data are presented as the mean± standard error of the mean (SEM). \**P*\< 0.05 compared to the control group. ^\#^*P*\< 0.05 compared to the diabetes-induction group.](jer-11-2-87f1){#f1-jer-11-2-87}

![Effect of treadmill exercise on the phospho-phosphoinositide 3 kinase (p-PI3K) and PI3K expressions in the hippocampus. Upper: Representative expressions of p-PI3K, PI3K, and β-actin in the hippocampus. Lower left: Relative PI3K expression in the hippocampus. Lower middle: Relative p-PI3K expression in the hippocampus. Lower right: Relative ratio of p-PI3K/PI3K in the hippocampus. (A) Control group, (B) exercise group, (C) diabetes-induction group, and (D) diabetes-induction and exercise group. The data are presented as the mean± standard error of the mean (SEM). \**P*\< 0.05 compared to the control group. ^\#^*P*\< 0.05 compared to the diabetes-induction group.](jer-11-2-87f2){#f2-jer-11-2-87}

![Effect of treadmill exercise on the phosphor-Akt (p-Akt) and Akt expressions in the hippocampus. Upper: Representative expressions of p-Akt, Akt, and β-actin in the hippocampus. Lower left: Relative Akt expression in the hippocampus. Lower middle: Relative p-Akt expression in the hippocampus. Lower right: Relative ratio of p-Akt/Akt in the hippocampus. (A) Control group, (B) exercise group, (C) diabetes-induction group, and (D) diabetes-induction and exercise group. The data are presented as the mean± standard error of the mean (SEM). \**P*\< 0.05 compared to the control group. ^\#^*P*\< 0.05 compared to the diabetes-induction group.](jer-11-2-87f3){#f3-jer-11-2-87}

![Effects of treadmill exercise on the number of glycogen synthase kinase-3β (GSK-3β)-positive cells in the hippocampal dentate gyrus. Upper: Photomicrographs of GSK-3β-positive cells in the hippocampal dentate gyrus. The scale bar represents 200 µm. Lower: Number of GSK-3β-positive cells in the hippocampal dentate gyrus. (A) Control group, (B) exercise group, (C) diabetes-induction group, and (D) diabetes-induction and exercise group. The data are presented as the mean± standard error of the mean (SEM). \**P*\< 0.05 compared to the control group. ^\#^*P*\< 0.05 compared to the diabetes-induction group.](jer-11-2-87f4){#f4-jer-11-2-87}

![Effects of treadmill exercise on the number of tau-positive cells in the hippocampal dentate gyrus. Upper: Photomicrographs of tau-positive cells in the hippocampal dentate gyrus. The scale bar represents 200 µm. Lower: Number of tau-positive cells in the hippocampal dentate gyrus. (A) Control group, (B) exercise group, (C) diabetes-induction group, and (D) diabetes-induction and exercise group. The data are presented as the mean± standard error of the mean (SEM). \**P*\< 0.05 compared to the control group. ^\#^*P*\< 0.05 compared to the diabetes-induction group.](jer-11-2-87f5){#f5-jer-11-2-87}
